RhoB, a member of the Rho subfamily of small GTPases, mediates diverse cellular functions, including cytoskeletal organization, cell transformation and vesicle trafficking. The thymus undergoes progressive decline in its structure and function after puberty. We found that RhoB was expressed in thymic medullary epithelium. To investigate a role of RhoB in the regulation of thymic epithelial organization or thymocyte development, we analyzed the thymi of RhoB-deficient mice. RhoB-deficient mice were found to display earlier thymic atrophy. RhoB deficiency showed significant reductions in thymus weight and cellularity, beginning as early as 5 weeks of age. The enhanced expression of TGF-b receptor type II (TGFbRII) in thymic medullary epithelium was observed in RhoB-null mice. In addition, the expression of fibronectin, which is shown to be regulated by TGF-b signaling, was accordingly increased in the mutant thymic medulla. Since there is no agerelated change of RhoB expression in the thymus, it is unlikely that RhoB in thymic epithelium directly contributes to age-related thymic involution. Nevertheless, our findings strongly support a physiological role of RhoB in regulation of thymus development and maintenance through the inhibition of TGF-b signaling in thymic medullary epithelium.
Introduction
Rho GTPases belong to the Ras superfamily of small GTP-binding proteins and are involved in the regulation of cell shape, polarity and migration through their effects on cytoskeletal dynamics and cell adhesion (1, 2) . Among three closely related mammalian Rho proteins, RhoA, RhoB and RhoC, a number of studies have demonstrated a unique function for RhoB (3, 4) . Whereas RhoA and RhoC promote tumorigenesis and invasion, RhoB rather acts as a tumor suppressor (5) (6) (7) (8) . RhoB expression levels are inversely related to malignancy of various tumors (9) (10) (11) , antagonizing cell migration, tumor growth and metastasis (12) . Furthermore, RhoB inhibits UVB-induced apoptosis (13) and radiation-induced mitotic cell death (14) . RhoB is predominantly localized in the plasma membrane (15, 16) and endosomes (17) . RhoB regulates the trafficking of EGF receptor from the late endosomal compartment to the lysosome (17, 18) . The importance of RhoB in the endocytic pathway includes the trafficking of important cellular factors, such as Akt, Src and CXCR2 (19) . RhoB-null mice have increased susceptibility to Ras-induced tumorigenesis (20) . In addition, RhoB-null mice exhibit retarded vascularization of the retina (19) and altered cell adhesion in macrophages (21) . It was thus concluded that RhoB plays important roles in the subcellular targeting of signaling molecules.
The thymus is critical for the development, selection and maintenance of the peripheral T-cell pool of a diverse repertoire. The thymus is capable of generating T cells throughout the life span. However, the thymus undergoes age-related involution (22, 23) . This process becomes most prominent after puberty, largely due to elevated steroid hormonal levels (24, 25) . The importance of both androgens and estrogens in the process of thymic involution is demonstrated and surgical or chemical gonadectomy reverses thymus atrophy (26, 27) . Physiologic doses of androgens induce increased levels of TGF-b1 in the thymus (28) . The levels of several thymic cytokines including TGF-b1 are increased in the aged human thymus (29) . TGF-b2 is related with age-associated thymic involution in mice (30) . IL-7, a crucial cytokine involved in both T-and B-cell development in mice, is associated with thymic involution (31) . Age-related defects in mice have been observed among the bone marrow hemopoietic stem cells (32, 33) , the early T-lineage precursors (34) and the transition of CD4
À thymocytes to CD4 À CD8 À CD44+CD25+ thymocytes (35) . Thymic epithelial cells represent a predominant stromal cell component and have a paramount role in T-cell development and selection by providing essential thymopoietic signals. The thymic epithelium is classically divided into two specialized and spatially distinct subsets, cortical and medullary epithelial cells that manifest different functional properties (36) . Age-related changes in the epithelial component of the thymus are important in thymic involution (37) (38) (39) . Nevertheless, the precise mechanisms responsible for the physiologic senescence of the thymus, presumably involving complex multisystem interactions, have yet to be unequivocally identified.
Here, we showed the expression of RhoB in thymic medullary epithelium. To better understand the physiological relevance of RhoB on thymus development and maintenance, we examined RhoB-knockout mice for any alterations in the thymi. It was found that RhoB deficiency displayed early thymic atrophy. A novel link between TGF-b signaling in thymic medullary epithelium and thymic atrophy was proposed.
Materials and methods

Mice
SV129 mice were obtained from Jackson Laboratories (Bar Harbor, ME, USA). The RhoB-null mice were generated as previously reported (20) . C57BL/6 mice were obtained from Jackson Laboratories or Japan SLC (Hamamatsu, Japan). Animal protocols were approved by our Institutional Animal Care and Use Committee.
RNA isolation and quantitative real-time reverse transcription-PCR
Total RNA was isolated from each tissue using the Trizol reagent (Invitrogen). The cDNA was synthesized by TaqMan Reverse Transcription Reagents with random primers (PE Applied Biosystems, Foster, CA, USA). For quantification of mRNA expression, real-time PCR was carried out in triplicates on an ABI-PRISM 7700 sequence detection system (PE Applied Biosystems) using the following parameters: 2 min at 50°C; 10 min at 95°C; 40 cycles of 15 s at 95°C, 30 s at 50°C and 1 min at 60°C. The primers used were TGF-b1, forward 5#-CTCGGGGGCTGCGGCTACTG-3#, reverse 5#-GGCGTAT CAGTGGGGGTCA-3#; TGF-b2, forward 5#-CGAGCGGAGC GAGCAGGAG-3#, reverse 5#-TAGGAGGGCAACAACATTA-3#; TGF-b3, forward 5#-GGTCCTGGCACTTTACAAC-3#, reverse 5#-GGCGTACACAGCAGTTCTC-3#; IL-7, forward 5#-GACAG GAACTGATAGTAATTGCCCG-3#, reverse 5#-TCACCAGTGTT TGTGTGCCTTGTG-3#; and GAPDH, forward 5#-AACTTT GGCATTGTGGAAGGGCTC-3#, reverse 5#-TGGAAGAGTGG GAGTTGCTGTTGA-3#. Acquired data were analyzed by Sequence Detector software (PE Applied Biosystems). Gene expression level of each sample was normalized using the expression of GAPDH gene. To compare relative levels of mRNAs, the equation DFC = 2 À (dCT), with delta CT (dCT) calculated as the difference in CT values between the gene of interest and GAPDH.
Thymus weight and thymocyte cellularity
Thymus was dissected from humanely killed mouse, weighed and minced through a nylon mesh. Mononuclear cells were counted and >95% of the cells were Thy-1-positive.
Flow cytometry
Fluorescence-conjugated antibodies used in a flow cytometry, such as anti-CD3 (145-2C11), CD4 (GK1.5), CD8 (53-6.7), CD44 (IM7), CD25 (PC61.5) and CD117 (2B8), were all purchased from eBioscience (San Diego, CA, USA). Thymocyte cell suspensions were prepared by pressing the tissue through a sieve into ice-cold Dulbecco's PBS supplemented with 3% FCS. RBCs were removed by the lysis in ammonium chloride buffer. After washing, cells were blocked with anti-CD16/32 and then stained with directly labeled antibodies against CD3, CD4, CD8, CD44, CD25 and CD117, and 30 000 thymocytes were analyzed on a FacsCanto II flow cytometer using FacsDiva software (BD Biosciences, San Jose, CA, USA).
Immunofluorescence staining and confocal microscopy
Thymus tissue sections were prepared and immunohistology was performed on cryosections as previously reported (40) using rabbit anti-RhoB (sc-180; Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA), rabbit anti-keratin 5 (Covance, Berkeley, CA, USA), rabbit anti-TGF-b receptor type I (AnaSpec Inc., San Jose, CA, USA), rabbit anti-TGF-b receptor type II (41), mouse anti-fibronectin (clone FBN11; Thermo Fisher Scientific, Fremont, CA, USA) and rat ER-TR7 (BMA Biomedicals, August, Switzerland). Alexa Fluor-labeled donkey secondary antibodies (Molecular Probes, Eugene, OR, USA) were also used. The binding to biotinylated Ulex europaeus agglutinin-1 (UEA-1; Vector Laboratories, Burlingame, CA, USA) was followed by PE-conjugated streptavidin (eBioscience). Confocal laser-scanning microscopy analysis was performed on a Zeiss LSM 510 (Carl Zeiss, Oberhochen, Germany). Negative controls were performed by replacement of first-step antibodies by isotype-matched monoclonal antibodies or species-matched antibodies. Representative images were chosen from each experiment for figure editing.
Statistics
Statistical analysis was performed with the non-parametric unpaired Mann-Whitney test using Prism software. Probability values <0.05 were considered statistically significant.
Results
RhoB expression in thymic medullary epithelium
Our initial studies focused on examining the expression of RhoB in mouse thymus. The frozen thymus sections from 6-week-old C57BL/6 mice were labeled with anti-RhoB antibody and analyzed by a confocal microscopy. The sites of RhoB expression were scattered throughout the thymic medulla ( Fig. 1) . Thymus sections were stained together with the lectin UAE-1, which specifically recognizes thymic medullary epithelium. The UEA-1-positive epithelial cells were present in the thymic medullary region, while RhoB was expressed in thymic medullary epithelium as expected ( Fig.  1 ). RhoB expression was undetectable in other subsets such as thymic vascular smooth muscle cells (data not shown).
RhoB-deficient mice exhibit earlier thymic atrophy
To better understand the physiological role of RhoB in thymic epithelial organization or thymocyte development, we examined the thymi of RhoB-null mice (20) . Interestingly, a significant decrease in thymus size of the young mice was notable when compared with that of wild-type SV129. The development of thymus continues until puberty (;4 to 6 weeks of age in mice) at which time it reaches to its maximum size (38, 42) . Thymus involution in mice is profound by 9 months of age and thereafter proceeded slowly (35) . Thymus weight and thymocyte cellularity of SV129 and RhoBnull mice at different ages from age 3 weeks through 10 months were analyzed. RhoB deficiency did not lead to abnormal thymus development by the age of 4 weeks, but a significant decrease in the thymus weight was noticed at 5-6 weeks of age ( Figs. 2A and B) . At this stage, the number of thymocytes was significantly lower in the mutant mice than in age-matched wild-type mice (Fig. 2C) . The results unambiguously demonstrate that RhoB-deficient mice exhibited a marked thymic atrophy at 5-6 weeks of age. However, thymic weight and cellularity in RhoB-null mice were comparable to those in control mice at 9-10 months of age.
We next analyzed thymocytes for the cell surface expression of CD4 and CD8 in SV129 and RhoB-null mice at 5 weeks of age (Fig. 2D) . It was observed that the ratios of CD4 À
CD8
À double-negative (DN) thymocyte were higher in RhoB-knockout male mice than age-matched controls. Mature phenotype (CD3 + CD4 + and CD3 + CD8 + single-positive) thymocytes were decreased in the mutant mice. In addition, the populations of CD3 À CD4 À CD8 À triple-negative (TN) thymocyte were monitored for the expression of CD44 and CD25 (Fig. 2E) . The fraction of CD44 + CD25 À TN1 population was elevated in 5-week-old mutant mice in comparison with controls. Early T-lineage progenitors within the DN1 population, identified as Lin À CD25 À CD44 + cKit + , were previously shown to decline with age (34) . However, we could not detect any significant reduction of early thymocyte precursors under RhoB deficiency (data not shown).
Analysis of TGF-b and IL-7 mRNA in RhoB-null thymus
Three TGF-b isoforms encoded by distinct loci have been identified, sharing a high level of sequence and structural homology (43) . The individual TGF-b isoform mediates unique set of physiological functions due to its different tissue distribution and temporal expression pattern (43) .
To identify the influence of RhoB in thymic expression of TGF-b and IL-7, we analyzed the levels of TGF-b and IL-7 in individual thymus tissue by real-time quantitative RT-PCR. As shown in Fig. 3 , the levels of TGF-b1 mRNA in RhoBknockout male thymus were higher at the age of 5 weeks than in the wild-type. The levels of TGF-b2 and TGF-b3 were not remarkably different between both mice. IL-7 was expressed at decreased levels in the thymus of the mutant male at 5 weeks of age.
Changes in the composition of thymic epithelium in RhoB-null mice
To investigate whether the lack of RhoB also affected thymic architecture and phenotype of thymic epithelia, thymus sections from wild-type and RhoB-deficient mice at the age of 6 weeks were stained with two reagents recognizing thymus medullary epithelial cells, anti-keratin 5 antibody and UEA-1. Although typically RhoB-null thymi displayed smaller size than wild-type thymi, RhoB-deficient thymic lobes showed a regular separation into distinct cortical and medullary compartments. However, no detectable difference in the distribution of keratin 5 and the binding to UEA-1 between RhoB-null animals and SV129 was observed (Fig. 4A) . Specifically, at 6-8 weeks of age, no significant difference in the thymic vasculature between RhoB-null mice and SV129 mice (data not shown). Fig. 1 . Expression of RhoB in mouse thymus. Immunofluorescence staining of thymus sections of 6-week-old C57BL/6 mice was performed to detect RhoB (green) and the binding to thymic medullary epithelium marker UEA-1 (red). Right panel: high magnification from white box in the left panel. Double labeling for RhoB and UAE-1 shows their co-localization, indicating that thymic medullary epithelium expresses RhoB. Data are representative of at least three independent experiments with more than five mice. Scale bars = 100 lm.
TGF-b induces a heteromeric complex of type I and type II serine/threonine kinase receptors after ligand binding. Subsequent signal transduction results as the TGF-b type II receptor (TGFbRII) phosphorylates the type I receptor (TGFbRI) chain that leads to the activation of downstream signaling components (44) . We have previously demonstrated the expression of TGFbRI and TGFbRII in thymus medullary region by immunochemical analysis (41) . RhoB is reported to inhibit TGFbRII expression in epithelial cells (45) . We analyzed the expression of TGFbRI and TGFbRII in SV129 thymi by confocal microscopy analysis (Fig. 4B) . TGFbRI was expressed in the medulla, particularly in the epithelium, and TGFbRII was found in the medullary epithelium. In addition, extensive expression of TGFbRII was observed in thymic vascular smooth muscle cells (data not shown). The distribution of TGFbRI in RhoB-deficient thymus was similar to that in wild-type thymus (Fig. 4B ). By contrast, high expression of TGFbRII was detectable throughout medullary epithelium in Rho-null thymus (Fig. 4B) . It seems that RhoB deficiency mediates an increased TGFbRII expression in thymic medullary epithelium. 
CD25
À TN cells in total thymocytes of RhoB-null mice are increased compared with age-matched SV129 mice. (D and E) Data from at least three independent experiments are present as means 6 SD (n = 4 per group (D) and n = 3-4 per group (E)). *P < 0.05; **P < 0.01.
The inhibition of RhoB was reported to lead to an increase in TGFbRII expression, resulting in enhanced TGF-b binding and signaling (45, 46) . TGF-b preferentially stimulates the synthesis of the extracellular matrix proteins such as fibronectin (47, 48) . To identify whether RhoB deficiency might induce aberrant TGF-b signaling in thymic medullary epithelium, we compared immunolocalization of fibronectin in 6-week-old SV129 and RhoB-null thymi. As expected from a previous study (49) , fibronectin was distributed especially in the capsule, septa and pervasuclar cells around blood vessels in the wild-type thymus (Fig. 5A ). We observed a marked enhancement of fibronectin in RhoB-null thymus. The double staining for fibronectin and keratin 5 revealed that fibronectin was occasionally associated with epithelium in medullary region (Fig. 5B) . Recent studies have also demonstrated that thymic atrophy is associated with an increase in thymic mesenchymal fibroblast content (50) . The distribution of mesenchyme in RhoB-null thymus was addressed using pan-mesenchymal marker ER-TR7. As previously described (40) , ER-TR7 marked the cells in the capsule, septa and prevascular cells in control SV129 thymus. The frequent accumulation of mesenchyme in the medullary region of RhoB-null thymus was observed (Fig. 5C ). Images by fluorescence microscopy can give a quantitative analysis for cell number by counting positive cells in the region of The values in graphs are the average fold-differences with SD. Data are presented as means 6 SD from three independent experiments. *P < 0.05. Fig. 4 . Lack of RhoB induces increase the expression of TGFbRII in thymic medullary epithelium. Organization of thymic medullary epithelium in 6-week-old SV129 and RhoB-null mice. Immunofluorescence staining of thymus sections of both strains was performed to detect keratin 5 (red) and the binding to UEA-1 (green). (B) Increased expression of TGFbRII in thymic medullary epithelium of RhoB-null mice. Immunofluorescence staining of thymus sections of both mice strains was performed to detect TGFbRI (green) or TGFbRII expressions (green). High TGFbRII expression is detected throughout medullary epithelium of RhoB-null thymus. The level of TGFbRI in medullary epithelium of RhoB-null thymus is similar to wild-type thymus. C, Cortex; M, medulla. Data are representative of three independent experiments with six mice per group. Scale bars = 100 lm.
thymic medulla (e. g. Aire or FoxN1). However, the quantitative analysis by fluorescence intensity has never been widely used in thymus sections. The determination of background values in thymus tissue sections for comparison analyses is frequently difficult. We could not include the quantitative data.
Discussion
Here, we identified that RhoB was expressed in thymic medullary epithelium. RhoB is reported to be present in the epithelial cells of various tissues, such as neural crest (51), lens (52) , saliva gland (53) and lung (54) . Our data support a physiological role of RhoB in the development and maintenance of thymus using RhoB-deficient mice. RhoB deficiency exhibited a marked decrease in thymus weight and cellularity as early as 5 weeks of age. RhoB-deficient mice exhibited an accumulation of DN thymocytes at the earliest CD44 + CD25
À development stage and a reduction of mature thymocytes, suggesting that T-cell development is arrested during the most immature developmental stage in the mutant mice.
RhoB-deficient mice displayed a similar distribution of keratin 5-and UEA-1-positive thymic medullary epithelial cells to normal mice. The expression of MHC class II in RhoB-null thymic medullary epithelium was comparable with that in wildtype thymus (data not shown). The histological examinations revealed that RhoB deficiency increased the expression of TGFßRII, but not TGFßRI in thymic medullary epithelium, consistent with previous studies demonstrating the inhibition of TGFbRII expression by RhoB (45) . It has recently been suggested that thymic epithelial cells undergo dynamic changes throughout the life span and age-associated thymic involution occurs as a result of inability to maintain steady state levels of thymic epithelial cell populations (38) . Mice deficient for the expression of TGFbRII in thymic epithelial cells display diminished thymic atrophy, indicating that TGF-b signaling in thymic epithelial cells is directly associated with the phenomenon of thymic involution (55) . Interestingly, the absence of TGF-b signaling in the epithelial cells influences the pool size of single-positive mature thymocytes (55) . Our findings also support a role of TGF-b signaling in thymic epithelium in thymus development and maintenance. Fibronectin is shown to be up-regulated in the thymus in an age-dependent manner (56) . We detected the increased expression of fibronectin in the RhoB-null thymus. It is likely that the elevated TGF-b signaling is involved in the increment of fibronectin. Together, the deficiency of RhoB may result in an increase in TGFbRII expression, leading to the enhancement of TGF-b signaling in thymic medullary epithelial cells. Our results also indicated that thymic atrophy results from a failure of the thymic microenvironment to support thymopoiesis.
Thymic size in mouse is shown to reach a peak at 4 weeks of age (38, 42) . RhoB-knockout mice do not exhibit any apparent defects in thymus development by 4 weeks of age. They displayed thymic atrophy after 5 weeks of age. We therefore concluded that RhoB deficiency leads to accelerate thymic involution. The level of RhoB is reported to be gradually reduced in lung and skeletal muscle with age, although there is no age-related change of RhoB expression in thymus (57) . We analyzed the expression of RhoB mRNA in SV129 thymus by real-time quantitative RT-PCR, and the age-related decrease of RhoB in the thymus was undetectable by 1 year of age (data not shown). It is, therefore, Immunofluorescence staining of thymus sections of 6-week-old male SV129 and RhoB-null thymus was performed to detect fibronectin (green) and keratin 5 (red). RhoB deficiency increases expression of fibronectin in thymic medullary region. Fibronectin associated with medullary epithelium is frequently seen. (C) Increased distribution of mesenchymal cells in thymic medullary region of RhoB-null mice. Thymus sections of 6-week-old SV129 and RhoB-null thymus were stained with ER-TR7 and antikeratin 5 Ab. In RhoB-null thymus, accumulation of mesenchymal cells in thymic medullary region is frequently detectable. Data are representative of three independent experiments with six mice per group. Scale bars = 100 lm.
unlikely that RhoB is directly associated with age-related thymic involution. We suggest that RhoB regulates the expression of TGFbRII in thymic medullary epithelial cells, resulting in the inhibition of TGF-b signaling which plays a role in thymic atrophy.
The early thymic atrophy due to the lack of RhoB was more prominent in male mice than in female mice. The striking thymic atrophy was detectable in male mice at 5 weeks of age. Androgen receptor is present on thymic epithelial cells, and the action of androgen on thymic epithelium is required for the induction of thymic atrophy (37) . Altered expression of androgen receptor in RhoB-null thymus was undetectable (data not shown). The susceptibility to deficiency of RhoB in male mice remains unclear. Several explanations between thymic atrophy and increasing thymic TGF-b levels have been proposed (28) (29) (30) . Thymic TGF-b1 mRNA expression was up-regulated in RhoB-knockout male. Although TGF-b2 expressed both in the thymic microenvironment and in the hematopoietic system is shown to accelerate thymic involution in mice (30) , the level of TGF-ß2 mRNA detected in RhoB-null thymus was not higher than that in control thymus. Down-regulation of IL-7 levels in the thymus plays a role in age-associated thymic involution (31) . However, the overexpression of IL-7 within the thymus cannot fully restore thymic defects in aged mice (58) . In our study, thymic atrophy in RhoB deficiency was linked to increased TGF-b1 and decreased IL-7 expression in the thymus. While there is still controversy as to whether thymic involution is attributed to age-related changes in the production of TGF-b1 and IL-7, the changes of TGF-b1 and IL-7 might follow the induction of thymic atrophy in RhoB-null mice.
In conclusion, we show that RhoB deficiency leaded to marked thymic atrophy during the post-natal period. We demonstrate that RhoB regulates the expression of TGFbRII in thymic medullary epithelial cells. Our data supported a novel link between TGF-b signaling and thymic atrophy. The mechanism by which RhoB modulates TGF-b signaling transduction in thymic medullary epithelial cells leading to thymic atrophy remains to be elucidated.
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